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ABSTRACT
Our closest neighbours, the Local Group dwarf spheroidal (dSph) galaxies, are ex-
tremely quiescent and dim objects, where thermal and non-thermal diffuse emissions
lack, so far, of detection. In order to possibly study the dSph interstellar medium,
deep observations are required. They could reveal non-thermal emissions associated
with the very-low level of star formation, or to particle dark matter annihilating or
decaying in the dSph halo. In this work, we employ radio observations of six dSphs,
conducted with the Australia Telescope Compact Array in the frequency band 1.1-3.1
GHz, to test the presence of a diffuse component over typical scales of few arcmin and
at an rms sensitivity below 0.05 mJy/beam. We observed the dSph fields with both a
compact array and long baselines. Short spacings led to a synthesized beam of about
1 arcmin and were used for the extended emission search. The high-resolution data
mapped background sources, which in turn were subtracted in the short-baseline maps,
to reduce their confusion limit. We found no significant detection of a diffuse radio
continuum component. After a detailed discussion on the modelling of the cosmic-ray
(CR) electron distribution and on the dSph magnetic properties, we present bounds
on several physical quantities related to the dSphs, such that the total radio flux, the
angular shape of the radio emissivity, the equipartition magnetic field, and the injec-
tion and equilibrium distributions of CR electrons. Finally, we discuss the connection
to far-infrared and X-ray observations.
Key words: galaxies: dwarf; radio continuum: galaxies, ISM; magnetic fields.
1 INTRODUCTION
The cold dark matter (CDM) paradigm consists in postulat-
ing a dark matter (DM) component with small velocity dis-
persion in the early Universe. A straightforward consequence
is the prediction of an abundance of structures on sub-
galactic scales. The CDM model has been collecting enor-
mous successes in explaining large scale observations, over a
wide range of redshifts. On the other hand, a number of ten-
sions have emerged in the description of the smallest scales,
such as the innermost regions of galactic DM halos and the
Local Group dwarf galaxy satellites. The CDM controversies
include the so-called “cusp-core”, “missing satellites”, and
“too big to fail” problems (see, e.g., (Weinberg et al. 2013)
for a recent review).
Dwarf spheroidal (dSph) galaxies, and in particular the
Milky Way (MW) satellites, are key actors in all of these
issues (Bullock et al. 2009). Indeed, the central density pro-
files of dSphs have been suggested to be much shallower than
predicted in the CDM scenario (see, e.g., (Walker 2013) and
references therein). On the other hand, while the cusp-core
controversy appears to be evident in low surface brightness
spiral galaxies (where the profile is derived from rotation
curves), some uncertainties in the description of the gravi-
tational potential from the observed dSph velocity disper-
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sion (in particular related to the anisotropy of the stellar
velocity) leave the question still open in the case of dSphs.
In cosmological N-body CDM simulations, the forma-
tion of MW-like halos preserves a large amount of subha-
los (formed in early-time collapses on small scales). This
leads to the prediction of thousands of MW satellites which
is at odds with the few tens observed. The disagreement
still persists even after the recent discovery of about 15
new ultra-faint dSphs (UDS). However, taking into account
the completeness limits of the SDSS observations, this issue
can be alleviated. Indeed, applying luminosity bias correc-
tions, (Tollerud et al. 2008) found that few hundreds of UDS
should be present within the MW virial radius.
In the same dissipationless simulations, more
than about six massive satellites with maximum
circular velocity greater than 30 km/sec are pre-
dicted (Boylan-Kolchin, Bullock & Kaplinghat 2011),
while no similar objects have been observed from the MW
or Andromeda’s satellites. This is particularly puzzling since
such objects are at the high mass end of the dSph mass spec-
trum and have the gravitational potential largely dominated
by DM (thus simulation results should be robust despite
the baryonic contribution is neglected). Larger galaxies
typically show monotonic relation between luminosity and
halo circular velocity (or halo mass), while the presence
of such massive dark subhalos would strongly violate this
relation (Boylan-Kolchin, Bullock & Kaplinghat 2011).
A solution of the aforementioned issues might reside in
a departure from the collisionless CDM scheme foreseeing
a suppression of small-scale structures either in the primor-
dial power spectrum or due to DM-induced effects during
structure formation. Assuming instead the CDM paradigm
to be correct, the solution could lie in baryonic physics, and
in particular in connection with supernova feedbacks and
low star formation (SF) efficiency. A variety of studies and
simulations have shown that baryonic effects could possibly
lead to cores in DM halos and suppress SF in low mass halos
(see (Weinberg et al. 2013) for a recent review).
The MW satellites are crucial laboratories for test-
ing the validity of such solutions. The inefficiency in
SF can be explained by a low gas density content
in dSphs, below the density threshold for SF. Differ-
ent mechanisms have been suggested in order to ei-
ther prevent gas collection in dSphs (as, e.g., heating of
intergalactic gas by the ultraviolet photoionizing back-
ground (Bullock, Kravtsov & Weinberg 2000)) or removing
gas out of the shallow gravitational potential of dSphs (with,
e.g., early feedback effects or tidal streams of gas in the dSph
orbit around the MW (Mayer 2001)). Measurements of the
presence of gas in dSphs would thus be crucial to discrimi-
nate among some of the proposed solutions.
The injection of energy associated with feedbacks
should have left some imprints in the magnetic properties
and high-energy cosmic-ray (CR) content of the dSphs. In-
deed the generation of magnetic fields in galaxies is often as-
sociated with dynamo processes, which are sustained by the
turbulent energy sourced in turn by supernova explosions.
The same mechanisms can accelerate low-energy electrons
up to TeV-PeV energies (for a recent review of the role of su-
pernovae as CR and magnetic source, see, e.g. (Blasi 2013)
and references therein). Radio observations can probe the
synchrotron radiation associated with high-energy electrons
spiraling in an ambient magnetic field.
In this project, we performed deep mosaic radio obser-
vations of a sample of six local dSphs with the Australia
Telescope Compact Array (ATCA). We simultaneously col-
lected continuum data (in the 1.1-3.1 GHz band) and HI
spectral line data (at 1.4 GHz). The latter is associated with
the atomic transition of neutral hydrogen and will be anal-
ysed to constrain the gas mass in dSphs in a future work. In
this paper (Paper II), we discuss the search for a diffuse con-
tinuum component. The level of the achieved rms sensitivity
is around 0.05 mJy/beam.
A recent attempt in the same direction but mak-
ing use of single dish observations was performed
by (Spekkens et al. 2013; Natarajan et al. 2013) with the
Green Bank Telescope.
Due to existing bounds on dSph gas den-
sity (Grcevich & Putman 2009), thermal emissions are
likely to be very dim. Our search focuses on the possible
presence of a non-thermal synchrotron emission associated
with high-energy electrons interacting with the interstellar
magnetic field. The expected emission is weak and on
relatively large scale (over the dSph size, which is typically
several arcmin). This requires, on one side, a sensitivity
enhancement which is provided by wide-band observations,
and, on the other side, a wide-field strategy (obtained by
means of compact configurations of the ATCA telescope) to
access large scales and also mosaicking to map the predicted
full extent of the dSph source. An intrinsic limitation of
interferometric observations is that physical scales much
larger than the reciprocal of the shortest baseline in the
array are not detectable. This limitation can be overcome
by including data from a large single antenna, to fill in the
zero-spacing region of the visibility plane. Accompanying
single dish data were not available for these observations,
however. On the other hand, the scales accessible with the
interferometric observations cover the size of the expected
emission, as we will discuss.
Because of the wide-bandwidth of the ATCA receivers,
the beam size varies considerably over the frequency band.
The changing beam size manifests as a changing gain across
the band, for off-axis sources. This variation with frequency
can be interpreted as structure during imaging, and can re-
sult in imaging artefacts for off-axis emissions. They can be
mitigated through the use of frequency-dependent imaging
techniques, which simultaneously solve for the spatial and
spectral variation of the source. Although there are a num-
ber of effective methods of wide-band imaging for a single
pointing, joint imaging of mosaic pointings is still an un-
solved algorithmic problem for the wide-band case. This is
due to the frequency-varying primary beam effect over each
mosaic panel, which introduces frequency-dependent gains
across the image that will differ from panel to panel in over-
lapping regions.
A significant part of the project has been thus to investi-
gate how state-of-the-art imaging algorithms can deal with
such problematics (see also Paper I (Regis et al. 2014a)),
which will become more and more pressing with the next-
generation of radio telescopes, and in particular with the
Square Kilometre Array (SKA). We adopted the MFCLEAN
algorithm in Miriad which was found to provide satisfactory
results, as shown in the following and in Paper I. It imple-
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ments the algorithm of (Sault & Wieringa 1994) to model
the source brightness distribution with a linear variation in
frequency. The data reduction and imaging are summarized
in Section 2.
The observing setup is composed by both a compact
array of five antennas and long baselines involving a sixth
antenna. Short-spacings are required to detect extended
emissions. For the adopted array, we obtain a synthesized
beam of about 1 arcmin and a maximum detectable scale
of about 15 arcmin. With such large beam, however, the
confusion limit is quickly reached. Long baselines provide,
on the other hand, high-resolution mapping of the small-
scale background sources. They are then subtracted from
the short-baseline maps to reduce the confusion noise, as
explained in Section 3. This is done both directly from the
data and in the image plane. We remind that, since we use
an interferometric technique, the data are collected in the
so-called visibility (or UV) plane, which is related to the
image plane by means of a Fourier transformation. The me-
dian radio source angular size of extragalactic background
objects with flux lower than about 100 mJy (namely, sources
present in the dSph fields, see Paper I) is below 10 arcsec,
see, e.g., (Windhorst, Mathis & Neuschaefer 1990). Clouds
within the dSph or in the Galaxy might contribute at few
tens of arcsec scales, but their presence is likely to be neg-
ligible. Therefore, although having a complete coverage of
the UV plane would be clearly ideal, an observing setup in-
cluding long baselines to cover scales up to about 10 arcsec
and short spacings to measure few arcmin diffuse emissions
(as the one employed in this work) can be adequate to infer
the presence of a signal.
Starting from the SF history of the observed dSphs
(inferred, in particular, through colour-magnitude dia-
grams), we derived estimates for the expected magnetic field
strength and CR content. They are described in Section 4
and Table 3. The possibility of having high-energy electrons
and positrons injected through DM annihilations or decays is
investigated in Paper III (Regis et al. 2014b). The CR spa-
tial diffusion and energy losses are modelled with a special
care, developing a new numerical solution of the transport
equation which is reported in the Appendix.
After introducing the statistical technique, in Section 5
we test the presence of a diffuse component. We report
bounds on a variety of physical quantities associated with
the expected synchrotron emission. They include the total
radio flux, the angular shape of the radio emissivity, the
equipartition magnetic field, and the injection and equilib-
rium distributions of CR electrons. We present a detailed
discussion on how the bounds on the CR population depend
on the assumption concerning the magnetic properties of
the dSphs. We also investigate the connection to far-infrared
(FIR) and X-ray observations.
Conclusions are in Section 6.
2 OBSERVATIONS AND DATA REDUCTION
The dSphs considered in this work (Carina, Fornax, Sculp-
tor, BootesII, Hercules and Segue2) were observed (for a to-
tal observing time of 123 hours) during 2011 July/August.
The six 22-m diameter ATCA antennae operating in the
frequency range 1.1-3.1 GHz were employed, with the array
configuration formed by a core of five antennae (with maxi-
mum baseline of about 200 m), and a sixth antenna located
at about 4.5 km from the core. More specifically, the core of
the array for the observations of Carina, BootesII, Segue2,
and part of Hercules was in the hybrid configuration H214
with maximum baseline of 214 m, while for the observations
of Fornax, Sculptor, and the second part of Hercules, it was
in the hybrid configuration H168 with maximum baseline
of 168 m. Further details about the observing setup can be
found in Paper I. We will refer to Carina, Fornax, and Sculp-
tor as classical dSphs (CDS), and to BootesII, Hercules, and
Segue2 as UDS.
The Miriad data reduction pack-
age (Sault, Teuben & Wright 1995) was used for calibration
and imaging. We proceeded producing three maps for
each target. The data were first imaged with the Briggs
robustness parameter set to -1 (Briggs 1995) leading to an
high resolution map, where short baselines are effectively
down-weighted. Then we generate a second set of maps,
by imaging again with the same robustness parameter,
but applying a Gaussian taper to the data before Fourier
inversion. In the following, we will use the label r−1 for
the map obtained with robust=-1, gta (Gaussian taper
a) for the map obtained with robust=-1 and tapered
with FWHM=15′′ (which effectively down-weights long
baselines), and gtb (Gaussian taper b) for the map obtained
with robust=-1 and tapered with FWHM=60′′ (maximizing
the sensitivity to large scale emissions). The gta maps are
shown in Fig. 1 for the various targets, while an example of
the three different kinds of maps is reported in Fig. 2 for
the Fornax field of view (FoV).
The theoretical and measured sensitivities in single pan-
els are reported in Table 1. The RMS noise level in the table
was measured in an off-source corner section of the first mo-
saic panel in each field, of size 5%× 5% of the total image,
and considered representative of the sensitivity of all panels.
The robust -1 images were CLEANed to a cutoff & 3 times
the theoretical sensitivity to avoid CLEAN bias (as reported
in Paper I). The theoretical sensitivity for the robust -1 im-
ages was taken to be the figure given by the ATCA sensitiv-
ity calculator 1 for Natural weighting. The Natural weighting
figure will be an underestimate of the robust -1 sensitivity.
Nonetheless, this was chosen as the reference limit, as even
Fourier inversion of the images without any CLEANing gave
off-source noise floors of less than the robust -1 value given
by the calculator, and much closer to the Natural weighting
adjusted for 33% data loss due to flagging (except for the
case of BootesII, which is dynamic range limited). The effect
of robustness parameter on sensitivity is highly dependent
on the UV-distribution of the visibilities (Briggs 1995), so
the Natural weighting value was taken as lower limit. The
tapered imaged were CLEANED to the same cutoff level as
the robust -1 images, as this level was sufficiently larger than
the theoretical noise.
The main properties of r−1 and gta maps (which will
be the two sets used in the analysis) are summarized in Ta-
ble 2.2 The r−1 maps basically probes scales from few arcsec
1 http://www.narrabri.atnf.csiro.au/myatca/sensitivity calculator.html
2 Maps and source catalogue presented in this project can be
retrieved at http://personalpages.to.infn.it/∼regis/c2499.html.
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dSph Theoretical sensitivity Measured Sensitivity Ratio Measured
Theoretical
CLEAN cutoff
name [mJy] [mJy] [mJy]
Carina 44 54 1.23 130
Fornax 46 41 0.89 200
Sculptor 43 40 0.93 180
BootesII 31 50 1.61 90
Hercules 34 33 0.97 105
Segue2 24 27 1.12 70
Table 1. Sensitivities (in single panels) for the high resolution images of each target: The theoretical sensitivity (Natural weighting),
taken from the online ATCA sensitivity calculator and adjusted to assume 33% of data flagged; measured off-source RMS noise in the
first mosaic panel; the ratio of the measured RMS noise to the theoretical sensitivity; the CLEAN cutoff used in imaging (& 3× the
theoretical sensitivity).
dSph r−1 map gta map
name synthesized beam average rms total flux synthesized beam average rms total flux
Carina 4.0′′ × 2.6′′ 42 µJy 2.6 Jy 1.3′ × 0.98′ 146 µJy 1.6 Jy
Fornax 7.8′′ × 2.2′′ 36 µJy 0.8 Jy 1.4′ × 1.2′ 143 µJy 0.6 Jy
Sculptor 8.0′′ × 2.1′′ 37 µJy 1.0 Jy 0.88′ × 0.76′ 126 µJy 1.0 Jy
BootesII 28′′ × 2.1′′ 39 µJy 0.2 Jy 1.3′ × 0.94′ 145 µJy 0.2 Jy
Hercules 27′′ × 2.0′′ 35 µJy 0.3 Jy 1.3′ × 0.73′ 112 µJy 0.2 Jy
Segue2 17′′ × 1.9′′ 27 µJy 0.4 Jy 1.5′ × 0.68′ 165 µJy 0.4 Jy
Table 2. Main properties of the maps used in this work. Total flux and average rms are quoted for the inner region, namely, within 30
arcmin (20 arcmin) from the center for CDS (UDS).
to about 10 arcsec, and have an rms noise of 30-40 µJy. The
synthesized beam of the tapered gta maps is instead about
1 arcmin, and the largest scale which can be well imaged is
around 15 arcmin (see discussion in Section 3.3). Because of
confusion limitation, the rms noise raises up to 0.1-0.15 mJy.
Both beam and noise are further increased by about 50% in
the gtb maps. Again, details about the data reduction can
be found in Paper I.
Note that the tapering with FWHM=15′′ results in a
map with a beam of about 1 arcmin and not of about 15
arcsec. This is because the observations are blind to scales
between about 10 arcsec and 1 arcmin, due to the lack of
baselines between 250 m and 4 km. As mentioned in the
Introduction, we do not expect neither the signal nor the
background sources to significantly contribute at such inter-
mediate scales. The gta taper thus effectively downweights
all the baselines involving the sixth antenna, while keeping
the whole signal from the compact array. After exploring
different imaging strategies, the tapering was found to pro-
vide cleaner results than, e.g., simply excluding the long
baselines. The gtb taper with FWHM=60′′ starts instead
affecting also the longer baselines within the compact array,
and the resulting beam is about 50% larger.
3 ESTIMATE OF THE DIFFUSE
COMPONENT
In this Section we describe the estimate of the diffuse com-
ponent, for which we explored different methods. Results
and comparisons are discussed in Section 5.2.
In our analysis, we focus on the inner region, within
30 arcmin (20 arcmin) from the center of the CDS (UDS),
motivated by three reasons: first, this region encompasses
the area of the expected emission from sources associated
with the dSph stellar component or from the DM halo (being
the half-light radius and halo scale radius . 20′ in CDS and
. 10′ in UDS). Second, the size of largest structure that can
be well imaged through the adopted observational strategy
(see Section 3.3) is well below 30 arcmin, so there is no gain
in considering a larger area. Finally, in this region we have a
uniform coverage and rms, so we can neglect primary beam
effect (as verified also with the flux measurements of point
sources discussed in Paper I).
Here, we identify the diffuse signal only with extended
emissions centered around the optical dSph center, and we
do not consider off-center point-like or moderately extended
clumps (e.g., associated with clouds or DM subhalos). This
possibility will be investigated in details elsewhere.
The search for diffuse components is most successful
if performed on short baseline maps. In this case, the syn-
thesized beam is about 1 arcmin in gta and 1.5 arcmin in
gtb (while being of few arcsec in r−1), and is more suited
to detect a smooth extended emission of few arcmin size
(which is the expected size of emission). The theoretical rms
worsens only by a moderate factor with respect to the long-
baseline case, i.e. the square root of number of baselines√
15/10 = 1.2. In practice, due to limitations from confu-
sion, it actually grows by a factor of few. By means of source
subtraction, we can mitigate confusion issues and bring the
rms down, closer to the value derived for the r−1 maps.
Moreover, if one tries to fit a diffuse component to the
original map, the best-fit normalization will be generally
different from zero with the no-signal case excluded at a
significant statistical level (see discussions and plots in Sec-
tion 5.2). This is obviously fictitious and due to the presence
of point-sources.
In order to overcome the above two issues, we estimated
c© 0000 RAS, MNRAS 000, 000–000
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Figure 1. Observational maps. Maps obtained by imaging with the robustness parameter set to -1 and applying a Gaussian taper
with FWHM=15′′ before Fourier inversion. Top: Carina, Fornax, and Sculptor FoVs. Bottom: BootesII, Hercules, and Segue2 FoVs. The
synthesized beam is shown in the bottom-right corner of each panel.
Figure 2. Imaging. Example of comparison between the three different types of maps considered, shown for the Fornax FoV. r−1 (left)
is the map obtained with robust=-1 (which effectively downweights short baselines), gta (central) is the map obtained with robust=-1
and tapered with FWHM=15′′ (which effectively downweights long baselines), and gtb (right) is the map obtained with robust=-1 and
tapered with FWHM=60′′ (maximizing the sensitivity to large scale emissions). The synthesized beam is shown in the bottom-right
corner of each panel.
the diffuse component by subtracting point-sources either in
the UV- and/or image-plane, as we will describe below. An
example of the outcome for the gta map of the BootesII FoV
is shown Fig. 3.
3.1 Subtraction of sources on visibilities
For the detection of point sources, the inclusion of data from
the antenna located at about 4.5 km from the array-core
provides superior angular resolution (by a factor of 20) and
lower rms than considering only the five antennae of the
core, see Table 2 (for a comprehensive discussion of source
detection in our maps, see Paper I). Discrete sources are thus
characterized by including long-baselines in the r−1 maps.
The detected structures vary from few to few tens of arcsec.
They can be then subtracted from the short-baseline maps.
The most proper way to do it is to perform the subtraction
in the visibility plane. This has been done with the task
UVMODEL in Miriad. The resulting visibilities are then
reduced and imaged following the same pipeline as for the
original maps.
The subtraction of sources in the r−1 (used as a cross-
check) and gta maps has been performed taking the CLEAN
component of the r−1 map as the input source model. In the
gtb, instead, we first subtracted the r−1 CLEAN components
and then also the CLEAN components of the subtracted
gta map. The latter procedure over-subtracts flux and only
c© 0000 RAS, MNRAS 000, 000–000
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Figure 3. Source subtraction. Comparison between the original gta map (left) and the maps obtained after subtracting sources in
the UV-plane (central) and in the image-plane (right). The shown example is for the BootesII FoV. The colour panel is kept constant to
easy comparisons (although in this way the original image significantly saturates). The synthesized beam is shown in the bottom-right
corner.
emissions on very large scales may survive. However, it is a
useful check for our method.
The subtraction procedure came out to be more success-
ful for targets observed with the array configuration H214
(Carina, BootesII, Segue2), rather than with H168 (Fornax,
Sculptor, Hercules), because of the better beam reconstruc-
tion. Carina and BootesII are thus the cases showing the low-
est rms after source-subtraction (while Segue2 has a larger
noise because of imaging issues, partly due to the presence
of a very bright source in the field, see Paper I).
3.2 Subtraction of sources on images
To identify pixels in an image which belong to sources and
not to the dSph diffuse emission, we use the publicly avail-
able tool SExtractor (Bertin & Arnouts 1996). In SExtrac-
tor, the detection of sources proceeds through segmentation
by identifying groups of connected pixels that exceed some
threshold above the background. The first step for source
detection in SExtractor involves the determination of the
background and RMS noise maps, since the background is
subtracted from the original map, while the thresholds for
detection is set in terms of the rms. In fact the background
map can be seen as an estimate of the large-scale diffuse
emission. We computed it as follows.
The original map is split in regions of (3 arcmin)2, and
the mean and the standard deviation of the distribution
of pixel values within each region are determined. Then
the most deviant values are discarded and the computa-
tion is re-performed. This is repeated until all the remain-
ing pixel values are within 3-σ from the mean. The back-
ground in the region is then the mean in the non-crowded
case (i.e., if σ is changed by less than 20% per iteration)
and 2.5×median-1.5×mean in the crowded case. The result-
ing background map is then a bicubic-spline interpolation
between the meshes of the grid, while the standard devia-
tions form the rms map.
We will consider the background map as the source-
subtracted map, and the rms will be the one adopted in the
statistical analysis. Another possibility would be to perform
the analysis on the original map but masking all the pixels
which are occupied by sources. We verified that results do
not differ appreciably with respect to considering the source-
subtracted map.
In Fig. 4, we show the radial distribution of the observed
surface brightness in the gta maps. The points are the aver-
age of the emission in spherical annuli of width of 1 arcmin,
as a function of the distance from the dSph center. The error
bars are computed by summing in quadrature the average
of the rms estimated as described above and the standard
deviation of the emission within each annulus. Blue squares
include sources and the emission is not compatible with a
null signal. Red circles show the case with sources subtracted
in the visibility plane. In some cases, they show an evidence
of emission. However, the pattern is always similar to the
case including sources, although with a much lower ampli-
tude. This suggests that it is not a truly extended emission
but rather a residuals of subtraction. This interpretation is
supported also by the fact that after masking the region oc-
cupied by sources in the original map, we found that the
curves do not show statistically significant deviations from
the zero level. Orange triangles show instead the case with
sources subtracted both in the UV and image plane. They
are always compatible with a null signal.
In Fig. 5, we show the radial distribution of the average
fluctuations in the maps. It is the sum in quadrature of the
rms and the standard deviation of the emission within each
annulus. The latter shows pronounced peaks when sources
are not subtracted (thin lines) in the gta and gtb maps.
This is not the case in the r−1 map, because the latter is
not confusion limited and so sources always occupy only a
small fraction of the annulus. Once sources are subtracted
(thick lines), all curves become smooth. Here it is shown
for the UV-subtraction, but this is even more true (in some
sense, by definition) when the subtraction is performed also
in the image plane. Note the gain of a factor of few provided
by source subtraction in the confusion limited maps gta and
gtb.
3.3 Largest well-imaged structures
As already mentioned, the observations were conducted with
the ATCA telescope in the hybrid array configurations H214
(for Carina, BootesII, Segue2, and part of Hercules) and
H168 (for Fornax, Sculptor, and the second part of Her-
cules). In the array configuration H214 the minimum base-
line is Bmin = 82 m, while in the H168 case it is Bmin = 61
m. An estimate of the largest structure which can be well-
c© 0000 RAS, MNRAS 000, 000–000
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imaged through a mosaic strategy is λ/(Bmin − D) corre-
sponding to 9.2′ and 14.1′ in the H214 and H168 configura-
tions, respectively, at the center of the bandwidth (λ = 16
cm) and taking the antenna dish to be D = 22 m. Taking
the lower end of the bandwidth (λ = 27 cm) we have an up-
per limit of the size from which we can get a signal, namely
15.6′ (23.9′) for H214 (H168). We verified that the shortest
UV-distances present in our data approximately match the
latter estimates.
The above numbers obviously apply to the setup in-
cluding short baselines (i.e., the tapered images). For the
long-baselines, B grows to approximately 4.5 km. There-
fore, in the case the short-baselines are down-weighted, the
largest achievable scale significantly reduces. The r−1 map
is indeed sensitive only to the smallest scales up to about
half arcmin.
The maximum size of well-imaged structures clearly de-
pends, on the other hand, also on a number of observing
details and it is not easy to have a precise a priori estimate.
To overcome such difficulty, we perform few different simu-
lations of detection of large scale emissions. To this aim, we
used the task IMGEN in Miriad to generate Gaussian emis-
sions of different sizes and fluxes. They have been converted
into mock visibilities and added to the original observational
data by means of the task UVMODEL. The resulting vis-
ibilities are then reduced and imaged following the same
pipeline as for the original maps.
We found that the estimates discussed above are ap-
proximately matched, and the reconstructed amplitude
starts to decrease for sizes & 15′ (& 10′) in the H168 (H214)
configuration. With the exception of the Fornax dSph which
size is comparable to such scale (and so the related bounds
might be slightly optimistic), all the other dSphs have ex-
pected sizes well-within this scale (see r∗ in Table 3). In
Fig. 6, we show two examples of gta maps obtained with
the above procedure, namely after the addition of a mock
Gaussian emission. Left panel shows expectations in the Ca-
rina case (H214 array) considering FWHM=7.5′ and peak
amplitude of 1.5 mJy for the mock Gaussian. The right-hand
panel is instead a sort of extreme case that can be well im-
aged, showed for the Fornax FoV (H168 configuration) with
FWHM=11.5′ and peak amplitude of 0.3 mJy (about 3×rms
sensitivity).
A full assessment of the sensitivity of the current ob-
servations to the models discussed in the following would
require the generation of a mock structure for each model.
This is, on the other hand, extremely time consuming. Since
in our benchmark examples we find good agreement with ex-
pectations, for the sake of simplicity, we will compare mod-
els with observations directly in the image plane. We will
assume an ideal response up to 15 arcmin, keeping in mind
that for the largest scales this might slightly overestimate
the sensitivity.
4 THEORETICAL MODELS
In this section, we describe how we model the GHz-diffuse
continuum emission in dSph (the analysis of the possible
diffuse HI emissions will be discussed elsewhere contex-
tually to the presentation of the relative data). Thermal
bremsstrahlung from ionized hydrogen clouds (HII regions)
and synchrotron radiation from non-thermal electrons are
the most notable emissions in galaxies which do not host an
AGN. Thermal re-radiation of starlight by dust becomes im-
portant only at frequencies & 100 GHz, and is not important
for our frequency range.
The free-free emission has a pretty flat-spectrum, with
index α ∼ 0.1 (the spectral index is defined by S ∝ ν−α,
with S being the flux density and ν the frequency), while
synchrotron radiation has a steeper spectrum (α ∼ 0.8), and
typically dominates the radio emission of galaxies up to few
tens of GHz. Moreover, bremsstrahlung emission in dSphs
is expected to be very faint given the low gas density.
We therefore focus only on synchrotron emission. On
the other hand, all the bounds on fluxes and emissivities
that will be derived in the following can be straightforwardly
extended to any thermal emission.
4.1 Synchrotron emission
The total synchrotron emissivity at a given frequency
ν is obtained by folding the electron number den-
sity ne with the total radiative emission power Psynch
(Rybicki & Lightman 1979):
jsynch(ν, r) =
∫
dE Psyn(r, E, ν)ne(r, E) (1)
with Psynch(r, E, ν) =
√
3 e3
mec2
B(r)F (ν/νc) ,
where me is the electron mass, the critical synchrotron fre-
quency is defined as νc ≡ 3/(4pi) · c e/(mec2)3B(r)E2, and
F (t) ≡ t ∫∞
t
dzK5/3(z) is the function setting the spectral
behaviour of synchrotron radiation. To obtain the polarized
emission, F has to be replaced with G(t) ≡ tK2/3(t). Ab-
sorption along the line of sight (l.o.s.) (from the dSph to
us) is negligible at these frequencies. Similarly, for the ther-
mal (see also arguments above), self-synchrotron, and self-
Compton absorptions within the source which can be disre-
garded for the (non-compact) cases considered in this work.
The flux density measured by the ATCA telescope can
be estimated as
Sth(ν, θ0) =
∫
dφ dθ sin θ G(θ, φ, θ0)
∫
ds
jsynch(ν, r(s, θ, φ))
4pi
,
(2)
where s labels the coordinate along the line of sight, θ0
is the direction of observation, i.e. the angular off–set
with respect to the dSph center (the non-circularity of the
beam can break the spherical symmetry but this is a very
small effect), and we perform the angular integral assum-
ing an elliptical Gaussian response of the detector G cen-
tered at θ0 and with widths σθ and σφ given by the syn-
thesized beam sizes. To compare theoretical prediction to
observations in the case of a mosaic, one should compute
S(θ0) =
∑
i P
2(θ¯i0)Sth(θ¯
i
0)/
∑
i P (θ¯
i
0), where S is the ac-
tual estimate of the observational flux, Sth is the theoreti-
cal prediction described in Eq. 2, θ¯i0 is the angle with re-
spect to the center of each mosaic panel i, and P (x) =
exp(−4 log 2 (x/FWHM)2) is the primary beam pattern
(note that Sith = S
iP−1). However for all practical purposes
one can identify S with Sth of Eq. 2. Indeed, we can pro-
ceed to two simplifications. First, Sth(θ¯
i
0) ' Sth(θ0); this is
because the maximum difference in terms of radial distance
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Figure 4. Spherical profile. Radial distribution of measured emission in the gta maps, averaged in spherical annuli of 1 arcmin, as a
function of the distance from the center.
between the case with a l.o.s. s1 at a given angle θ0 from
the dSph center and the case with a l.o.s. s2 at a given an-
gle θ¯i0 from the center of a panel is s2/s1 = cos(θmax) with
θmax . 40′ for our maps. This leads to a mismatch smaller
than 0.01% between the radial distances and so to a negli-
gible difference in the flux computation. The second simpli-
fication consists in neglecting the primary beam weighting.
This is because we focus on the central part of the map (as
mentioned above). This leads to S ' Sth with the latter
given by Eq. 2.
Since our bandwidth is quite large (∆ν ' 2 GHz),
we need to average the intensity over frequency: 〈S(θ0)〉 =
1/∆ν
∫ ν2
ν1
dν S(ν, θ0) with ν1 = 1.1 GHz and ν2 = 3.1 GHz.
Note that we can neglect the frequency dependence of the
primary beam pattern only because the effect of the latter
is negligible in the central part of the mosaic, as mentioned
above.
The synchrotron emission estimate involves the compu-
tation of the CR electron and positron equilibrium density
ne. We describe it in the limit of spherical symmetry and
stationarity, making use of the following transport equation
(where convection and diffusive reacceleration are neglected
since they are likely to be irrelevant in dSphs):
− 1
r2
∂
∂r
[
r2D
∂f
∂r
]
+
1
p2
∂
∂p
(p˙p2f) = s(r, p) (3)
where f(r, p) is the e+ − e− distribution function at the
equilibrium, at a given radius r and in terms of the mo-
mentum p, related to the number density in the energy in-
terval (E,E + dE) by: ne(r, E)dE = 4pi p
2f(r, p)dp; anal-
ogously, for the source function of electrons or positrons,
we have qe(r, E)dE = 4pi p
2 s(r, p)dp. The first term on the
left-hand side describes the spatial diffusion, with D(r, p)
being the diffusion coefficient. The second term accounts
for the energy loss of due to radiative processes; p˙(r, p) =∑
i dpi(r, p)/dt is the sum of the rates of momentum loss as-
sociated with the radiative process i. Here we consider syn-
chrotron and inverse Compton (IC) on cosmic microwave
background (CMB) losses which leads to:3
dp
dt
' 2.7 · 10−17 GeV
s
[
1 + 0.095 (
B
µG
)2
]
(
p
GeV
)2 . (4)
Models for the diffusion coefficient D, magnetic field B, and
source term qe will be described in the next sections. Eq. 3
is solved numerically making use of the Crank-Nicolson al-
gorithm as described in the Appendix.
4.2 Cosmic-ray sources
To model the synchrotron flux from dSphs we consider two
approaches. First, we directly introduce a functional form
for the emissivity jsynch(r). With this phenomenological ap-
proach, we can provide pretty general bounds on the average
3 For simplicity, in this formula, Klein–Nishina corrections for IC
are neglected (although they are not in our computations). This
is a good approximation for scattering with CMB photons for
electron energy up to 10 TeV.
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Figure 5. RMS. Estimate of the average σ in spherical annuli of 1 arcmin, as a function of the distance from the center. It is obtained
adding up in quadrature the rms and the standard deviation in each annulus.
Figure 6. Largest structures. Examples of extended emission in the Carina (left) and Fornax (right) FoVs. The maps have been
obtained from mock visibilities where the Fourier transform of a Gaussian with FWHM=7.5′ (left) and FWHM=11.5′ (right, with point-
sources subtracted) is added to the original visibility data (by means of the task UVMODEL in Miriad). The synthesized beam is shown
in the bottom-right corner of each panel.
of the emission 〈jsynch〉 and the spatial extension rs using
some common functions as a Gaussian jsynch = j0 e
−x2/2
and β-models jsynch = j0 (1 + x
2)−3 β/2 where x = r/rs.
Note that the latter provides a form which might closely re-
semble naive expectations (i.e., disregarding possible reshap-
ings due to interactions with the interstellar medium) for
the emissions from DM with an isothermal profile (β = 4/3
for annihilating and β = 2/3 for decaying) and from stellar
populations with Plummer (β = 5/3) or modified-Plummer
(β > 5/3) distributions.
The second (more physical) approach involves instead
the modelling of the CR electron density and magnetic prop-
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erties of the dSph. High-energy CR electrons are thought to
be accelerated in galaxies by SN explosions and so their
spatial distribution follows SF regions. Another possible
origin (which is extensively discussed in Paper III) is re-
lated to DM annihilations/decays. If we assume stars to
follow a (modified) Plummer profile and DM to be dis-
tributed with an isothermal profile, we can consider again
all those cases simultaneously by employing β-models for
the spatial part of the injection electron density qe(E, r) =
dNe/dE(E) (1 +x
2)−3 β/2 where x = r/rs and rs is the core
radius of either the stellar or DM profiles. The spectrum is
taken to be a power-law dNe/dE(E) = A0 (E/GeV )
−pinj
with the spectral index of injection pinj ' 2 − 3, which is
what is predicted by the theory of first-order Fermi acceler-
ation at astrophysical shocks (in the limit of strong shocks)
(Blandford & Eichler 1987). We will often refer to the to-
tal CR energy density Qe(r) =
∫ Emax
Emin
dE E qe(E, r) (with
Emin = 100 MeV and Emax = 1 TeV).
We will also consider the computation of the signal
starting from the equilibrium electron density ne, taking
the same functional forms for the spatial and spectral dis-
tributions outlined above for qe. Diffusion and energy losses
typically soften the spectrum and ne has a spectral index
pfin ' 3.
To obtain an order of magnitude estimate of the CR
density in dSphs from existing data, one can note that, em-
pirically, a relation between the star formation rate (SFR)
and the CR electrons density has been found to hold in
galaxies. If we assume Uel ∝ SFR, take the normaliza-
tion from a quiescent small galaxy like SMC (for which
SFR ' 5 · 104 MMyr−1 and average CR nuclei density
〈Up〉 = 〈k Uel〉 ' 1.5 · 10−10GeV/cm3 (Abdo et al. 2010)),
and consider k ' 100, we can then compute the aver-
age CR electrons density 〈Uel〉 in a dSph (where Uel(r) =∫ Emax
Emin
dE E ne(E, r)) from the associated SFR estimate.
Only the SFR at late times is relevant to know the high-
energy CR distributions (i.e., the population possibly pro-
ducing a synchrotron emission at 2 GHz), since they lose
energy in a relatively short amount of time, so must have
accelerated recently. To compute the late-time SFR we fol-
low (Orban et al. 2008) assuming that about 1% of the to-
tal stellar mass content of dSph is produced in the latest
Gyr. We use SFR results reported in (Dolphin et al. 2005)
(Carina and Fornax), (deBoer et al. 2012) (Sculptor), and
(Sand et al. 2009) (Hercules). For a very recent comprehen-
sive study of SFR of dwarf galaxies in the Local Group,
see (Weisz et al. 2014). Their results are consistent with the
models adopted here. Ultra-faint dwarfs represent an obser-
vational challenge and currently there are too many uncer-
tainties to infer their SF history. For Segue2 and BootesII,
we will simply assume the same ΣSFR as in Hercules (which,
among our sample, is the dSph which more closely resem-
ble their properties), so the same 〈USFR0el 〉. This argument
is supported also by (Brown et al. 2013) where, analysing a
sample of 6 UDS, they found that all cases have very similar
and synchronized SF histories.
The derived estimates for 〈USFR0el 〉 are reported in Ta-
ble 3.
We note that populations of primordial bi-
nary stars can actually mimic the signature of
recent SF (the so-called, blue straggler problem,
see, e.g., (Momany et al. 2007; Mapelli et al. 2007;
Mapelli et al. 2009; Monelli et al. 2012)) since binary
evolution is typically not accounted for in current models.
If such populations are significant in dSphs (something
which has been a point of debate), the estimates of SFRs at
late times considered in this work should be taken as upper
limits.
Magnetic properties, which are the second crucial in-
gredient of the description, are discussed in the following
section.
4.3 Magnetic Field
The magnetic properties of dSphs are poorly known and
to gain observational insights is very challenging. The ex-
tremely low content of gas and dust makes polarization mea-
surements difficult. With our data we could attempt to esti-
mate Faraday rotations of background sources (i.e., the ro-
tation of the plane of linear polarization of the background-
source waves when going through the dSph ionized medium
due to the presence of a magnetic field).
However, the lack of observations of thermal emis-
sion in dSphs suggests a very low electron density, most
likely well below the thermal density in the MW (NMWe '
10−2cm−3 (Cordes:2002wz)) and not far from the cosmolog-
ical electron density (Ncosme ' 3 · 10−7cm−3).
In principle, a bound on the dSph thermal density can
be obtained from null observations in the X-ray band. The
free-free emissivity at keV-frequency can be estimated as
(Longair 2011):
SX ' 2 · 10−31Z2( T
104 K
)−1/2
g(ν, T )
1.2
Ni
10−6cm−3
(5)
× Ne
10−6cm−3
lHII
100 pc
exp(− h ν
k T
) erg s−1 cm−2 Hz−1 ,
where Ni and Ne are the number density of the thermal
ions and electrons, respectively, T is the temperature
of the plasma, Z is the charge, g is the Gaunt factor
(typically lying in the range 1.1-1.5), and lHII is the size
of the dSph HII region. From the lack of observation of
X-ray bremsstrahlung, one can infer a limit of SX . 4 ·
10−32(d/100kpc)−2erg s−1 cm−2 Hz−1 (Zang & Meurs 2001)
and in turn on the thermal density of about 10−6cm−3.
The big assumption in this estimate concerns the re-
quired temperature. Indeed, in order to emit in the keV
range, the thermal plasma has to be heated to temperature
up to 107 K, which are probably too high in the case of
dSphs.
In any case, an estimate of the expected rotation mea-
sure is
RM = 0.81
∫ ldSph
0
ds ·B
pc µG
ne
cm−3
rad m−2
' 10−2rad m−2 B
µG
Ne
10−4cm−3
ldSph
100 pc
, (6)
and for reasonable assumptions about the thermal density,
the result of Eq. 6 is well below the sensitivity of our obser-
vations.
For similar reasons, other polarimetric surveys do not
provide strong bounds as well.
The most promising observational signal of the presence
of magnetic fields in dSph stems thus from the detection of
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a polarized non-thermal radio emission which is the main
goal of this project (with past surveys providing only weaker
constraints) and will be discussed throughout the paper.
Due to the lack of observational evidences, the magnetic
field models will be based on phenomenological/theoretical
arguments described in the following.
4.3.1 Magnetic field strength
Star-forming dwarf galaxies typically host a magnetic field
of few µG, which provides an upper limit for the B-strength
in dSphs. There is no straightforward lower limit since the
cosmological magnetic field could be in principle many or-
ders of magnitude weaker. However, different physical argu-
ments suggest a strength of the magnetic field that is not
too far from the one observed in star-forming dwarf galaxies
(within an order of magnitude or so), as motivated in the
next subsections.
Local Group scalings: The generation of magnetic
fields in galaxies is often described in terms of dynamo
processes, which are sustained by turbulent energy. The
main source of turbulence is often believed to be super-
nova explosions. Therefore one can expect a correlation be-
tween magnetic field and density of SFR ΣSFR in galax-
ies. (Chyzy et al. 2011) analysed the magnetic field in Lo-
cal Group galaxies, ranging from the MW to 107 M dwarf
irregulars. A high level of correlation between ΣSFR and
B was found (the correlation coefficient is r = 0.94) with
the scaling well described by a power-law B ∝ Σ0.3±0.04SFR .
This agrees well with findings for external more massive
spiral and irregular galaxies, suggesting a similar mecha-
nism for the generation of B field at smaller scales. As-
suming that there is no threshold effect in such mechanism
with respect to the gas-rich (and larger) systems detected
in (Chyzy et al. 2011), we can extrapolate this scaling law
down to our dSph sample. This assumption is also moti-
vated by the fact that dSphs (at least classical ones) ex-
perienced a significant SF phase in the past (while being
dominated by old stellar population at present) when the
conditions for the generation of relevant magnetic fields were
present (for a recent review on SF in LG dwarf galaxies, see
e.g. (Tolstoy, Hill & Tosi 2009)).
At the initial stage of evolution, during the first few
Gyr of active SF, dSphs and dIrrs show similar photomet-
ric properties (Calura, Lanfranchi & Matteucci 2008). Then
if such progenitors lose their gas, they undergo a change
from irregulars to spheroidals (with a transition-type in
between) (Dolphin et al. 2005). A common progenitor for
dSphs and dIrrs is also supported by models. For example,
in the so called “tidal stirring” scenario (Mayer 2001) dSphs
originates from late-type, rotationally-supported dwarfs (re-
sembling present-day dIrr galaxies) undergoing interac-
tions with MW-sized galaxies. Therefore dSphs should have
hosted a magnetic field similar to that of dIrrs (i.e., few
to ten µG; for a review of dIrrs interstellar medium see,
e.g., (Klein 2012)). However, after such initial phase, a large
fraction of gas is swept away from dSphs, which then evolve
passively. A key question is thus whether such magnetic field
can be sustained until present epoch. Since the strength
of magnetic field is very low, an extremely low density
plasma would suffice to prevent the decay, in absence of
turbulences. Indeed the relevant equation for describing the
Ohmic decay of a large scale magnetic field is (Parker 1979):
∂B/∂t = η c/(4pi)∇B. The estimate for the decay time is
then τ = 4pi L2/(η c) ' 1020 L
100pc
ne
10−6cm−3 yr.
On the other hand, turbulences can destroy the
magnetic field in a time-scale much shorter than the
age of the galaxy. Episodes of weak SF (forming a few
percent of the total stellar mass (Orban et al. 2008))
are likely to have occurred at recent time (see e.g.
colour-magnitude diagram of Carina (Dolphin et al. 2005;
Hernandez, Gilmore & Valls-Gabaud 2000) and For-
nax (Coleman & de Jong 2008), with the caveat related
to the possible presence of blue straggler populations
mentioned at the end of Section 4.2). This implies the
presence of some small fraction of ionized medium. The
source of turbulences, however, would also give rise to
magnetic field generation via dynamo action, provided the
interstellar plasma is sufficiently dense. In other words,
unless a peculiar situation with significant non-thermal
processes in a very-low density plasma, we expect the
magnetic field in dSph to be around the µG level.
To be quantitative, we pursued two approaches. In the
first method, we use the relation of (Chyzy et al. 2011) men-
tioned above to link B with ΣSFR at each different phase
and then take the averaged value over the history of the
dSph. In the second, we instead consider the magnetic field
to be induced only by the SF in the latest Gyr and as-
sume (following (Orban et al. 2008)) that 1% of the total
stellar mass content of the dSph is produced in such range of
time. We consider the same SFR estimates reported in Sec-
tion 4.2 (i.e., (Dolphin et al. 2005) for Carina and Fornax,
(deBoer et al. 2012) for Sculptor, and (Sand et al. 2009) for
BootesII, Hercules, and Segue2).
The normalization of B is obtained from Large Mag-
ellanic Cloud data (Gaensler et al. 2005), namely, tak-
ing a total magnetic field strength of B = 4.3µG for
ΣSFR ' 4 · 103 M kpc−2Myr−1, which implies B =
0.35µG (ΣSFR/(M kpc−2Myr−1))0.3. The corresponding
estimates for our dSph sample are reported in Table 3. It
is interesting to note that the two different methods provide
similar results, with only a moderate depletion of B when
focusing on recent time.
For what concerns the spatial profile, we will assume
spherical symmetry and a simple exponential law, B =
B0 e
−r/rh , with rh = r∗ set by the stellar halo scale.
Magnetization of MW surrounding medium: Galactic
outflows typically magnetize the medium surrounding spiral
galaxies up to several kpc away from the source-region. In-
deed giant magnetized outflows from the centre of the Milky
Way have been recently observed. They point towards a
magnetic field larger than 10µG at 7 kpc from the Galactic
plane (Carretti et al. 2013).
These arguments support the idea that a non-negligible
magnetic field can be hosted by UDS, which are at about 40
kpc from the Galactic center, even if they have never under-
gone a significant SF. Assuming we can adopt a magnetic
field with a simple linear scaling BMW = 50µG/(d/kpc) in
the limit of large distances d from the center of the MW,
we derive BMW at dSph positions in Table 3. For the CDS,
BMW would be negligible with respect to the magnetic field
generated by the dSph itself and estimated in the previous
subsection (and also the extrapolation we adopted is too
simplistic at such large distances), while it could indeed be
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the dominant magnetic term in the UDS. Since the dSph
size is much smaller than the distance from the MW, we
can assume BMW to be constant over the size of the dSph.
Equipartition: A simple way to avoid the introduction of a
magnetic field model is to impose a minimum energy condi-
tion for the synchrotron source at each position in the dSph.
Taking the energy density of the relativistic plasma to be
dominantly provided by CRs and magnetic fields, this con-
dition sets B in terms of the CR density. The minimum en-
ergy required to produce a synchrotron source of a given lu-
minosity is provided by UB(r) = B(r)
2/(8pi) = 3/4UCR(r),
where UB and UCR are the magnetic and CR energy density,
respectively (see, e.g., (Longair 2011)). As known, this cor-
responds to (near) equipartition (where here we assume local
equipartition). UCR can be written as (1 + k)Uel where Uel
is the energy density of the synchrotron emitting electrons
Uel(r) =
∫ Emax
Emin
dE E ne(E, r) (we choose again Emin = 100
MeV and Emax = 1 TeV) and k gives the ratio between
hadronic and electron CR energy density. Fermi shock ac-
celeration and hadronic interaction models (as well as local
CR data) favour k ∼ 100, which will be considered for the
estimates of B (slightly less conservative estimates can be
obtained in case of leptonic models with k = 0).
Note that with the assumption of local equipartition
the magnetic field is obtained at all positions in the dSph
(so we do not need a model for the spatial dependence),
and is related to the CR spatial profile. In Table 3 we
quote the volume-averaged B over the stellar region 〈B〉 =
3 r−3∗
∫ r∗
0
dr r2B.
In the last column of the same Table, we also quote
the magnetic field one would obtain assuming equipartition
with the CR density estimated as described at the end of
Section 4.2. It is interesting to note that the strength is very
low, in particular lower than BSFR0 (which also relies on
late-time SFR). This is because, in the relations considered
to derive the latter, equipartition does not hold. Indeed, we
take Uel ∝ SFR and B ∝ Σ0.3SFR, thus Uel is not proportional
to B2. If equipartition is assumed to hold, one of the two
adopted scalings needs to be revised. On the other hand, al-
though providing a rough estimate of the ball-park for elec-
tron and magnetic densities, equipartition is not expected
to precisely hold, especially in a peculiar system like dSph
(and indeed observationally is found not to hold for many
systems).
The impact of the magnetic field model on the final
results will be discussed in Sec. 5.2.
4.3.2 Turbulence properties
As mentioned in Sec. 4.1, we describe the transport of high-
energy charged particles in dSphs as a diffusive process. It
is governed by the scattering of CR particles with the hy-
dromagnetic waves of the interstellar medium, and so it is
set by the turbulence properties of the magnetic field. In
order to account for our poor knowledge of dSph magnetic
properties, we consider three limiting cases.
Loss at injection-place: When turbulence is very strong,
particles can be considered as being essentially confined at
the same place of injection, where they radiate all of their
energy. This can be described by Eq. 3 neglecting the diffu-
sion term which leads to:
ne(E, r) =
1
b(E, r)
∫ ∞
E
dE′Qe(E
′, r) . (7)
Therefore, in this case we do not need to model D. Note
also, from Eq. 4, that the typical loss time is below hundreds
of Myr, so the description concerns recent time (and it is
reasonable to neglect time-evolution).
Free-escape: The opposite limit with respect to the above
picture is when turbulences are extremely weak and there is
no other efficient mechanism for confinement. In this case,
particles can easily escape the object and they are subject
only to energy losses along their way. The latter can be
however neglected in the computation of the equilibrium
distribution since they only mildly affect the electron energy.
Indeed, for GeV electrons we have dE/dt . 10−16 GeV/s
which means on dSph-scale (. 1 kpc) ∆E . 0.01 GeV.
Thus the electron density can be simply found through the
equation:
ne(E, r) =
1
4pi c
∫
dφ dθ sin θ
∫
dsQe(E, r
′(s, θ, φ, r)) ,
(8)
with r′ =
√
s2 + r2 − 2 r s cos θ cosφ.4 Note that the neg-
ligible impact of synchrotron radiation (which is the signal
we aim to detect) on the computation of ne means also that
most of the CR electrons power is actually carried out the
dSph, and so this scenario will be much less promising than
the above one (where instead all the power is radiated within
the dSph).
A free-escape picture is somewhat too pessimistic. In-
deed CRs cannot stream along a magnetic field much
faster than the Alfve`n speed because they generate mag-
netic irregularities which in turn scatter them (see, e.g.,
(Cesarsky 1980) for a review). On the other hand, if we as-
sume that the only ionized medium in the dSph is in fact
the cosmological population (on top of the CR component),
then the typical associated Alfve`n speed will be very large,
a fraction of the speed of light. This means that the confine-
ment time would be just a factor of few larger with respect
to the free-escape case and so the synchrotron flux a fac-
tor O(1) larger. The possibility of an accurate modelling is
limited by uncertainties in the density of ionized gas and
magnetic field. Moreover, it would require a description in
terms of convection rather than diffusion. Therefore, we will
still keep free-escape as the most conservative case, but keep-
ing in mind that, even in the absence of turbulence, some
confinement is expected, with bounds being at least a factor
of few stronger than for the reported free-escape scenario.
Standard diffusion: In between of the above two cases,
turbulences can play a major role but allowing particle dif-
fusion lengths on scales comparable to the object-scale. This
is the typical scenario for the MW and other LG galaxies.
At the energies of interest, O(GeV), and in the quasi linear
4 Since, even in this idealized picture, electrons do not escape
with straight trajectories but rather spiralling around magnetic
field lines, the velocity c in above equation should be replaced
by an effective velocity vp = c cos p, where p is the pitch angle.
However, under reasonable assumptions (e.g., isotropic distribu-
tion of pitch angles), the factor cos p(r′) averaged over the l.o.s.
is O(1), and in the following, we take vp = c.
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dSph D r∗ BSFR BSFR0 BMW 〈Bobseq 〉 〈USFR0el 〉 〈BSFR0eq 〉
name [kpc] [′] [µG] [µG] [µG] [µG] [10−16GeV/cm3] [µG]
Carina 105 8.2 0.9 0.7 0.5 < 3.8 (2.5) 2.7 0.03
Fornax 147 16.6 2.0 1.2 0.3 < 4.2 (2.0) 96 0.2
Sculptor 86 11.3 1.6 1.2 0.6 < 6.7 (2.9) 23 0.1
BootesII 42 4.2 0.4 0.4 1.2 < 6.3 (6.6) 0.45 0.01
Hercules 132 8.6 0.4 0.4 0.4 < 4.6 (2.6) 0.45 0.01
Segue2 35 3.4 0.4 0.4 1.4 < 7.3 (10.6) 0.45 0.01
Table 3. dSph parameters. Columns 2 and 3 show, respectively, dSph distance D and stellar radius r∗ (containing half the light of the
galaxy), taken from (McConnachie 2012) (see references therein). Column 4 and 5 report the magnetic field strength obtained from Local
Group scalings discussed in Sec. 4.3.1. Column 6 shows the estimate of B we derived from possible magnetization of MW surrounding
medium. Column 7 is the equipartition bound obtained from data considering the gta maps with source subtracted from the visibility (and
image) plane. Column 8 reports the estimate of the CR density from the dSph SFR discussed in Sec. 4.2. The associated equipartition
magnetic field is in column 9.
approximation, the diffusion tensor can be simplified to a
scalar with the form:
D =
v rg
12pi
B2
kres P (kres)
=
v rαg
3 (1− α)
B2
k1−αL δB
2
L
,
where rg = 1/kres = R/B is the gyroradius (with
R=particle rigidity), P (k) ∝ kα−2 is the turbulence power
spectrum, kL is the wavenumber of choice for the normal-
ization of the random magnetic field (i.e., at kL it takes the
value δBL and we normalize the power spectrum through∫∞
kL
dk P (k) = δB2L/4pi), and for the spectral index α we as-
sume, for simplicity, a Kolmogorov power-spectrum α = 1/3
(note that for electrons D ∝ Eα).
With this formalism, and once the total magnetic field
strength is set (see previous section), the computation of the
diffusion coefficient D0 (with D = D0 (E/GeV)
α) requires
only to know the ratio between coherent and turbulent com-
ponents B/δB, with D0 ∝ B2−α/δB2L. For typical values of
such ratio in galaxies of the LG one finds D0 ∼ 3·1028cm2/s.
For the spatial dependence of D we consider a profile related
to the B shape, namely, D(r) ∝ er/r∗ .
The numerical solution of Eq. 3 for this scenario is de-
scribed in the Appendix. The requirement of numerical con-
vergence puts bounds on the minimal and maximal allowed
diffusion timescales. This translates into bounds on the dif-
fusion coefficient. They are similar to the bounds one would
obtain from physical arguments, e.g., requiring to have a dif-
fusion time (τd ∼ L2/D ∼ 1015s (L/kpc)2(1028cm2/s/D))
shorter than the age of the Universe (∼ 4 1017 s), which
provides a lower bound (typically, D0 & 1026cm2/s at 1
GeV), below which we have the loss at injection place
scenario, and to have a diffusion velocity (vd = L/τd ∼
10−4c (D/1028cm2/s)/(kpc/L)) smaller than the speed of
light, which provides an upper bound (typically, D0 <
1032cm2/s at 1 GeV), corresponding to the free-escape limit.
5 ANALYSIS
5.1 Statistical technique
We will assume the likelihood for the diffuse emission of a
given model to be described by a Gaussian likelihood:
L = e−χ2/2 with χ2 = 1
Nbeampix
Npix∑
i=1
(
Sith − Siobs
σirms
)2
, (9)
where Sith is the theoretical estimate for the brightness (see
Eq. 2) in the pixel i, Siobs is the observed brightness, and
σirms is the r.m.s. error derived as described in Section 3.1.
Npix is the total number of pixels in the area under investi-
gations, while Nbeampix is the number of pixels in a synthesized
beam.
In principle, we should have χ2 =
1
Nbeampix
∑Npix
i=1
∑Npix
j=1
(
Sith − Siobs
)
(Σrms)
−1
ij
(
Sjth − Sjobs
)
,
where Σrms is the covariance matrix, which can be com-
puted through a jackknife or bootstrap procedure. In the
estimate of the rms described in Section 3.1, the noise
covariances between pixels are not considered. However,
in the image plane of interferometric images, a certain
degree of correlation, even between non-adjacent pixels,
is expected (because of the Fourier transformation). On
the other hand, after subtracting sources, we obtain pretty
uniform rms map (see, e.g., Fig. 5), and, varying the grid on
which the computation is performed, this results remains
stable. This means that the noise in uncorrelated pixels is
analogous to the one in pixels having some correlations with
other pixels. In other words, the covariance is subdominant
with respect to the variance and we can neglect off-diagonal
terms in Σrms. This is not totally obvious for the full maps
(i.e., containing sources). We will nevertheless show few
bounds also in the latter case with the goal of reporting the
order of magnitude of the constraints and for illustrative
purposes.
Detection: To test the possible detection of a diffuse emis-
sion, we employ a maximum likelihood method with the
estimator λd = −2 ln(Lnull/Lb.f.) treated as a χ2 variable
with one d.o.f. (following Wilk’s theorem in the limit of large
statistics). Lnull and Lb.f. are the likelihoods of no signal
(i.e. with Sth = 0 in Eq. 9) and of the best-fitting model,
respectively. The statistical significance is given by
√
λd σ
which is the C.L. at which the null hypothesis (no signal)
can be rejected.
On top of using all the possible pixels, we consid-
ered also a restricted region, which is where the signal-to-
noise ratio is larger. To derive the optimal target region,
we select the set of pixels which maximizes an estimate
of the signal-to-noise ratio defined by
∑
i S
i
th/
√∑
i σ
2
rms,i.
To identify such pixel-set we implement an iterative algo-
rithm analogous to the one described in the Appendix of
(Bringmann et al. 2012). In this way, we expect to have a
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Figure 7. Total flux. 95% C.L. observational limits on diffuse emission in the six targets, assuming a Gaussian flux density S(θ) =
Stot
2pi θ2s
e−(θ/θs)
2/2. The presence of two different lines with the same style implies an evidence above 2-σ, and, in that case, both an upper
and a lower limits can be derived. On the contrary, if only one curve is shown, it refers to the upper limit. The curves at small angles
are derived from the r−1 maps, while the bounds at θs above 1.5 arcmin come from the gta (thick lines) and gtb (thin lines) maps.
very good approximation of the area in our datasets which
are most sensitive to the diffuse signal. On the other hand,
the shape of the expected signal and the fact that we con-
sider only one component (i.e., we do not “marginalize” over
some extra components), imply that the evidence in the opti-
mal target region is not much different (and typically lower)
than in the full-map. Rather, this is a cross-check to en-
sure we avoid spurious effects from crowded regions (where
the rms can be larger). For the sake of brevity, however, we
only show results with statistical analysis performed using
all the pixels. As an example, the comparison between the
two methods is reported in Table 4.
We do not get any firm evidence of a spherical diffuse
emission. In Table 4, we show the best-fitting flux and statis-
tical significance at which the no-signal case can be rejected.
A Gaussian profile and a width corresponding to the extent
of the stellar component are assumed. The reported values
are computed for the gta maps with source subtracted in
the UV-plane. The subtraction is not totally successful in
the targets observed with the H168 configuration (Fornax,
Sculptor, Hercules), for which large residuals are still present
in the maps. This leads to a “detection” at high C.L., but it
is clearly fake. We indeed checked that it disappears when
the source regions are masked. Moreover, if we further sup-
press the source contribution by performing the subtraction
in the image plane of the UV-subtracted map, no evidence is
obtained. Clearly, the addition of an emission from a model
with two free parameters slightly improves the fit, but this is
never at large statistical significance. The only cases which
might be showing a very weak hint are BootesII and Segue2
for which a ∼1-σ deviation is found (with similar C.L. when
considering all the pixels or the optimal region only).
Constraints: Bounds on a certain parameter Π of the
model are computed for a given set of the other parame-
ters ~Π0 and “profiling out” nuisance parameters (i.e., they
are taken to maximize L and can be different for differ-
ent values of Π and ~Π0). Therefore constraints are esti-
mated though a profile likelihood technique where λc(Πx) =
−2 ln[L(~Π0,Πx)/L(~Π0,Πb.f.)] follows a χ2-distribution with
one d.o.f. and with one-sided probability given by P =∫∞√
Πc
dχ eχ
2/2/
√
2pi. Πb.f. denotes the best-fit value for the
parameter under investigation. In other words, a one-sided
95% C.L. upper limit on a parameter is obtained by increas-
ing the signal from its best-fit value until λc = 2.71.
Results concerning the constraints on the theoretical
models discussed above are presented in the next Section.
5.2 Bounds
We derive the upper limits on the diffuse emission assuming
spherical symmetry and taking the diffuse radio emission to
be centered at the optical center of the dSph. The uncer-
tainty in the centroid position of the dSphs considered here
is typically estimated to be below the arcmin level. Since our
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dSph Sbest−fit
√
λd σ Smax S70
name [mJy] [mJy] [10−14W m−2]
Carina 1.0 1.2 σ (0.5 σ) 2.7 1.9
Fornax 25 6.3 σ (5.4 σ) 43 30
Sculptor 50 11 σ (9 σ) 81 57
BootesII 0.71 1.9 σ (2.3 σ) 1.4 0.96
Hercules 6.3 3.7 σ (3.3 σ) 12 8.5
Segue2 0.32 0.35 σ (0.1 σ) 2.0 1.4
Table 4. Total flux. Values are reported in the case of a Gaussian spherical diffuse emission, assuming a source size corresponding to
the extent of the stellar component θs = θ∗, and considering the gta map with source subtracted in the UV-plane. Second column shows
the best-fitting total surface brightness. The statistical significance is reported in the third column considering the full map (optimal-
region). Column 4 shows the 95% C.L. bound derived from data. The corresponding bound at 70µm emission (inferred using FIR-radio
correlation, see text) is in column 5.
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Figure 8. Emissivity. 95% C.L. observational upper limits on the emissivity of diffuse emission. We show 〈jsynch〉 =
3 r−3s
∫ rs
0 dr r
2jsynch(r/rs) versus spatial extension rs, for few different models jsynch described in the text. Bounds are computed
on maps with source subtraction performed in the visibility plane (SV, thick lines), except for the Gaussian model where, in addition,
the cases with no source subtraction (NS, thin) and with subtraction on both visibility and image planes (SVI, thin) are shown. We
report also the half-light radius of the stellar distribution r∗ (see Table 3) and the DM halo scale r0 for an NFW profile (from the central
value of the fit in (Martinez 2013)).
sensitivity is rather homogeneous on a much larger scale, we
do not expect a significant variation of the bounds due to
possible misalignment between the assumed center of the
spherical distribution of our models and the real dSph cen-
ter. For similar reasons, we also expect only mild modifica-
tions of our bounds in case of departure from spherical sym-
metry (e.g. ellipticity). In case of a positive detection (which
is unfortunately not our case) both effects should instead be
accounted for, in order to have a robust determination of
the model parameters.
Constraints on the total dSph flux Stot are shown in
Fig. 7 as a function of the size of the emission θs, while the
angular profile is constrained in Fig. 8 (see also Fig. 4). In
Fig. 7, we compare the bounds that can be obtained by em-
ploying the different subtraction methods described in Sec-
tion 3, on the three types of maps (r−1, gta, gtb) introduced
in Section 2. The brightness is modelled with a Gaussian:
S(θ) = Stot/(2pi θ
2
s) exp[−(θ/θs)2/2].
For small source-sizes, the r−1 map is the most con-
straining one, while only the tapered images gta and gtb can
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probe scales from 1 to 15 arcmin. For illustrative purposes,
the reported angular range in Fig. 7 (as in other figures be-
low) extends to slightly larger region, although, as described
in Section 3.3 a full simulation (for each model) would be
required to assess the actual sensitivity at scales & 15′.
The source subtraction clearly reduces the total flux.
On the other hand, the trend of this variation among the
different cases can significantly vary from dSph to dSph.
Indeed, the impact of the source subtraction depends on the
quality of the image, on the beam model, and on the number
and brightness of sources near the dSph center.
The presence of two different lines with the same colour
and style implies an evidence above 2-σ (which is the C.L.
chosen for the reported bounds). In this case, both an up-
per and a lower 95% C.L. limits can be derived. On the
contrary, if only one curve is shown, it refers to the upper
limit. As already mentioned, the source subtraction pro-
cedure often leaves some non-negligible level of residuals,
which can lead to a spurious detection of a diffuse emis-
sion. Therefore in Fig. 7, some targets show lower bounds
not only in the maps including sources (solid lines), but
also after source-subtraction in the Fourier (dashed) or im-
age (dotted) planes. When both subtraction procedures are
combined (dash-dotted), no significant detection is found,
as already stated above.
From the most conservative case (no subtraction) to
the most aggressive one (subtraction in both UV and image
planes), the upper bound can significantly vary, up to two
or three orders of magnitude.
In Fig. 8, we show the bounds on the emissivity of the
diffuse signal averaged over the emission region 〈jsynch〉 =
3 r−3s
∫ rs
0
dr r2jsynch(r/rs), as a function of the physical size
rs of the emission. We compare different spatial profiles de-
scribed in Section 4.2. The impact of the profile on the
bounds of the spatially-averaged emissivity is mild, while
obviously, the different models can lead to bounds which
can be locally quite different. We highlight the physical sizes
corresponding to the half-light radius of the stellar distribu-
tion r∗ (see Table 3) and to the DM halo scale r0 (taken
from (Martinez 2013) in the case of an NFW profile), which
can be considered as the expected sizes of a possible ex-
tended emission in dSphs.
The constraints are derived focusing on the gta maps
with sources subtracted in the UV-plane (SV cases). How-
ever, for completeness, in the case of a Gaussian spatial
profile, we report the curves obtained from the gta maps
without subtracting sources (labelled with NS) and with
the source subtraction performed both in the UV and image
planes (labelled with SVI).
In Fig. 9, we derive constraints for the spatially av-
eraged equilibrium distribution 〈Uel〉 of CR electrons and
positrons in the dSph. The spectrum is assumed to be a
power law. In these plots, as for the following ones, we will
consider the gta maps, with source subtraction performed in
the UV-plane only, as our reference (conservative) images.
As benchmark models for the magnetic field, we assume a
strength B0 given by the maximum value among the ones
quoted in columns 4-6 of Table 3 and a spatial profile given
by B = B0 e
−r/r∗ .
We show the impact of the spatial profile and spectral
index in the case of the Carina dSph (left-hand panel). As for
Fig. 8, the profile has a mild effect on the spatially averaged
bounds. The choice of the spectrum is instead relevant, al-
though the re-scaling of the bounds can be easily computed
for the case of a power law.
In the right-hand panel of Fig. 9, we compare the
bounds on 〈Uel〉 with the estimates from SF reported in
column 8 of Table 3 (shown with filled circles). They indi-
cate that if the estimates for the CR density associated with
late-time SFR, USFR0el , are correct, we need a few order-
of-magnitude improvement in the observational sensitivity
(i.e., to reach a fraction of µJy to nJy), to probe the CDS
emission, which is thus possibly achievable by the SKA. The
emission related to SF in UDS would require a very high
sensitivity even for the SKA.
Fig. 10 is similar to Fig. 9, but now we compute bounds
on the injection distribution of CR electrons and positrons
Qe, rather than on the equilibrium distribution. The limits
are derived in the loss at injection-place scenario described
in Section 4.3.2 and assuming a power-law for the injection
spectrum.
Note that the bounds in Figs. 9 and 10 are somewhat
dependent on the chosen extrema for the energy integration
of the spectrum, in particular on Emin. However, since the
spectrum is a power-law, it is straightforward for the reader
to derive the bound with a choice of Emin different from 0.1
GeV.
Fig. 11 shows how different scenarios for the magnetic
field strength and turbulence can change the constraints on
the CR injection distribution of Fig. 10. The impact of the
magnetic field strength is discussed in the left-hand panel of
Fig. 11. The scaling of the curves follows from the scaling
of the emissivity. The magnetic field affects both the syn-
chrotron power via Eq. 2 and the CR energy losses via Eq. 4.
When synchrotron losses are subdominant with respect to
IC losses, the emissivity scales as jsynch ∝ B−(pfin+1)/2, fol-
lowing the scaling of the power. At large B, the curves flat-
ten because synchrotron radiation becomes the dominant
energy-loss mechanism and an increase in B shows up in
an approximately equal increase in both Psynch and dp/dt,
leaving jsynch ∼ const.
The observational bounds on the strength of B under
the equipartition assumption (shown in Table 3) are B .
few µG, while expectations from theoretical arguments leads
to about the µG-scale. Taking the latter estimate for the
strength, the increase in sensitivity needed to probe a signal
with CR density at equipartition with such magnetic field,
roughly scales with the fourth power of the ratio between
the current equipartition bound and the expected magnetic
field strength. This scenario is thus within the reach of the
SKA, and, in some cases, also of its precursors ASKAP and
MeerKAT.
Note also that the bounds in Fig. 9 would be signif-
icantly stronger under the equipartition assumption (and
close to 〈USFR0el 〉 in the case of the Fornax and Sculptor
dSphs), exactly because the magnetic field would be signif-
icantly larger.
The right-hand panel of Fig. 11 shows the impact of
diffusion effects on the derived bounds. A diffusion simi-
lar to the one observed in the MW (see discussion in Sec-
tion 4.3.2) makes the bound weaker by about one order of
magnitude for the largest dSphs (Carina, Fornax, Sculptor,
and Hercules) and by about two orders of magnitude for
the smallest systems (BootesII and Segue2) with respect to
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Figure 9. Electron equilibrium distribution. 95% C.L. upper bounds on spatial average 〈Uel〉 = 3 r−3s
∫ rs
0 dr r
2Uel(r/rs) versus
spatial extension rs, obtained from the gta maps with source subtracted from visibilities. Uel(r) is the total equilibrium distribution
of CR electrons and positrons in the dSph: Uel(r) =
∫ 1 TeV
0.1 GeV dE E ne(E, r). The spectrum of ne is assumed to be a power law. In the
left-hand panel, we show the effect of varying the spectral index and the spatial profile in the Carina case (other targets show similar
scalings). In the right-hand panel, pfin = 3 and Gaussian spatial profile are assumed. The upper lines show the corresponding X-ray
bounds for the Carina and Fornax dSphs obtained following (Jeltema & Profumo 2008). Circles show the expected CR density from the
dSph SFR reported in column 8 of Table 3.
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Figure 10. Electron injection distribution. 95% C.L. upper bounds on the spatial average 〈Qe〉 = 3 r−3s
∫ rs
0 dr r
2Qe(r/rs) versus
spatial extension rs, obtained from the gta maps with source subtracted from visibilities. Qe(r) is the injection distribution of CR
electrons and positrons in the dSph, with the spectrum assumed to be a power law. The limits are computed in the loss at injection-place
scenario described in Sec. 4.3.2. In the left-hand panel, we show the effect of varying the spectral index and the spatial profile in the
Carina case (other targets show similar scalings). In the right-hand panel, pinj = 2.5 and Gaussian spatial profile are assumed.
the loss at injection-place case shown in the previous plots.
We assumed a Kolmogorov spectrum, with the diffusion co-
efficient exponentially increasing outside the stellar region:
D = D0 (E/GeV)
1/3 er/r∗ .
In the free-escape scenario, the bounds worsen by about
four and five orders of magnitude, respectively. We remind
the reader that, as discussed in Section 4.3.2, a free-escape
is probably extreme and too pessimistic, and the allowed
range can shrink by a factor of few taking into account CR
self-confinement.
The uncertainty associated with spatial diffusion is thus
very relevant, as expected. This is indeed due to the small-
ness and low level of activity (at present time) of dSphs.
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5.2.1 FIR-radio correlation
A tight correlation between global radio and FIR flux of
normal star-forming galaxies has been observed to exist over
many orders of magnitude in luminosities and up to inter-
mediate redshifts (Appleton et al. 2004). The correlation is
probably connected to the fact that both radio and FIR
emissions are related to the SFR of the object. Indeed, the
radio emission mainly comes from synchrotron radiation of
CR electrons accelerated in SN remnants, and the FIR flux is
mainly due to dust reprocessing of UV photons from young
stars. On the other hand, such a tightness of correlation for
very different systems has still to be understood. Empiri-
cally, the FIR-radio correlation can be written as:
qIR = log10
[(
SIR
3.75 · 1012W m−2
)
/
(
S1.4GHz
W m−2Hz−1
)]
(10)
where qIR has been found, for normal galaxies at 70µm, to
be q70 = 2.15± 0.16 (Appleton et al. 2004).
Recently, (Roychowdhury & Chengalur 2012) studied
the FIR-radio correlation in samples of faint star-forming
dwarf galaxies, finding good agreement with the q70 value of
(Appleton et al. 2004). However, it is not guaranteed that
such relation holds also in the case of old dSph galaxies con-
sidered here. On the other hand, by assuming it, we can use
the bounds we derived for the total radio flux to infer bounds
on the infrared emission. They are reported in Table 4, where
we use a spectral index of −0.8 to scale results at 2 GHz to
1.4 GHz, which leads to S70 ' 7·10−15 (S2GHz/mJy) W m−2.
5.2.2 Comparison with X-ray bounds
The peak of the synchrotron emission at 2 GHz is produced
by electrons with energy from few GeV to few tens of GeV,
depending on the magnetic field. The same population of
non-thermal electrons inevitably gives rise to IC radiation
via their interaction with the CMB photons. Such emission
falls in the X-ray frequency range, namely in the keV-MeV
energy band. Indeed the peak of this IC emission occurs for
a photon energy Eγ ' (Ee/GeV)2 keV, where Ee is the
electron energy.
In Fig. 9, we compare the bounds that can be obtained
on the non-thermal electron density from current X-ray
data with the constraints derived in this work. For the for-
mer, we consider the analysis of (Jeltema & Profumo 2008),
which made use of XMM-Newton archival data for the
Carina and Fornax dSph targets (on top of Ursa Minor
which however is not part of our dSph sample). The de-
rived flux limits in the 0.5-8 keV band are, respectively,
2.1 · 10−5 and 10−5 photons cm−2 s−1 for an aperture of
6’ radius (Jeltema & Profumo 2008). Following this analy-
sis, we can constrain Uel for the models discussed above. We
found that X-ray bounds are few orders of magnitude weaker
than the constraints from synchrotron emission derived in
this work. In Fig. 9, we compare X-ray (upper curves) and
radio (lower curves) bounds in the case of a power-law spec-
trum with pfin = 3 for the equilibrium electron distribution.
The radio data of this project are more constraining than
current X-ray data for a magnetic field strength larger than
∼ 0.05µG.
6 CONCLUSIONS
Local Group dSph galaxies are our closest neighbours. The
knowledge about dSphs is however quite limited, as these
objects are small, quiescent and dim. DSphs have been rec-
ognized as important probes for cosmology. Their structure,
chemical composition and kinematics pose indeed important
challenges to our current understanding of structure forma-
tion (Mateo 1998; Bullock et al. 2009; McConnachie 2012).
In addition, dSphs can also be key probes in the search for
a particle DM signature (see Paper III).
At present, no evidence for the presence of a thermal
or non-thermal plasma from dSphs has been reported in
the literature. Deep observations are thus required in order
to possibly probe the non-thermal emission associated with
particle DM or to the very-low level of dSph SF.
In this paper, we made use of deep mosaic radio ob-
servations of a sample of six local dSphs, three “classical”
ones (Carina, Fornax, and Sculptor), and three “ultra-faint”
dSphs (BootesII, Segue2, and Hercules) to investigate the
presence of diffuse synchrotron emissions in the dSph inter-
stellar medium. We collected data with the ATCA telescope
in an array configuration specifically designed to seek an ex-
tended (few arcmin-scale) signal. The resulting maps have a
sensitivity around 0.05 mJy at 2 GHz. On top of the image
from the compact array, we simultaneously obtained long-
baseline data to map discrete sources (see Paper I for more
details). The confusion limit is one of the greatest obstacles
to be overcome in the search for a few-arcmin radio diffuse
emission. Indeed, for arcmin synthesized beams, the nomi-
nal confusion level at GHz frequency is around few hundreds
of µJy, so well within current radio-telescope sensitivities.
High-resolution maps and a proper source subtraction are
thus required.
We performed an accurate procedure for the subtraction
of small-scale sources. It has been done by subtracting the
Fourier transform of high-resolution sources from the visi-
bility plane. This procedure allowed to reduce the confusion
noise and to gain a factor of few in sensitivity (depending
on the target and the related quality of data). The sensitiv-
ity was brought closer to its nominal rms value, especially
in the cases of Carina and BootesII. We also described how
to possibly further subtract sources in the image plane by
means of the SExtractor package (Bertin & Arnouts 1996).
With the study of radio diffuse components in dSphs,
we aim at addressing open questions about the dSph envi-
ronment (especially for what concerns the magnetic proper-
ties) and its activity and CR acceleration mechanisms. No
significant detection of a diffuse emission has been singled
out from the ATCA data, and this allowed us to constrain
a number of dSph properties.
First, we discussed the general bounds that can be ob-
tained from the radial distributions of the observed surface
brightness and the noise. They are approximately at the level
of 1 mJy/arcmin2 and can be straightforwardly exploited to
constrain models involving a spherical diffuse emission in
the observed dSphs (including WIMP-induced emissions).
Assuming some general and analytic functional forms,
we derived bounds on the dSph total flux and emissivity,
presented in Figs. 7 and 8. They are constrained at the level
of about 1 mJy and 0.1 mJy/beam, respectively, for a source
size of the order of the stellar profile extent (we remind here
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Figure 11. Magnetic field and Diffusion. 95% C.L. upper bounds on 〈Qe〉 = 3 r−3s
∫ rs
0 dr r
2Qe(r) (with Qe(r) =∫ Emax
Emin
dE E A0 exp(−(r/rs)2/2) (E/GeV)−2.5 and rs taken to be equal to the stellar profile size) versus magnetic field strength
B0 (left) and diffusion coefficient D0 (right). The bounds are obtained from the gta maps with source subtracted from visibilities. In the
left-hand panel, we assume radiation at injection place and estimates of B from Table 3 are overlaid. In the right-hand panel, we assume
D = D0 (E/GeV)1/3 er/r∗ . Square points show the limits for free-escape, while circles are the bounds in the loss at injection-place case.
that the synthesized beam of the adopted maps is about 1
arcmin2).
Assuming the dominant radio emission in dSphs to be
due to synchrotron radiation associated with CR electrons
accelerated in processes related to star formation (the DM
interpretation is more extensively discussed in Paper III),
the SFR of dSphs plays a crucial role in setting the bright-
ness of the emission. We discussed how to relate both the CR
density and the magnetic field strength to the SFR inferred
from the observed colour-magnitude diagram in CDS (while
for the ultra-faint cases we have to mostly rely on extrap-
olations). Although the sensitivity of current observations
is above the level of the expected emission, we found that,
in the case of CDS, the next-generation of radio telescopes
could start probing the presence of a SF-induced diffuse syn-
chrotron radiation.
The derived bounds depend on the magnetic field
model, see Fig. 11. It affects both the size of the radiated
synchrotron power and the spatial diffusion of CR electrons.
We accurately modelled the CR transport in dSphs by devel-
oping a new numerical scheme based on the Crank-Nicolson
algorithm (described in the Appendix). We found that the
impact of diffusion on the expected emission from dSphs can
be dramatic. Indeed, due to the small size of dSphs and the
probable low level of turbulence, CR electrons can in prin-
ciple escape the dSph before radiating a significant amount
of synchrotron power. Future polarization measurements of
background sources with the SKA will be crucial to under-
stand the magnetic properties of dSphs and to reduce the
degree of uncertainty in the expected signal.
For each dSph, we derived limits on the magnetic field
strength under the equipartition assumption. Physical argu-
ments suggest a strength of the magnetic field at the level
of µG (CDS) or a fraction of µG (UDS), while the equipar-
tition between CR and magnetic density leads to an upper
limit of few µG (see Table 3).
We also discussed the connection of radio emission to
FIR and X-ray observations. Using the FIR-radio correlation
observed for star-forming galaxies, we translated the radio
upper limits into bounds for the dSph emission at 70µm
in Table 4. Observations in the X-ray band can probe the
IC emission due to scattering with the CMB photons of the
same GeV-population of electrons possibly producing a syn-
chrotron radiation at GHz-frequency. For a magnetic field
strength larger than ∼ 0.05µG, the current radio bounds
are however significantly more constraining.
To conclude, we presented the first study dedicated to
the systematic search for a diffuse radio emission in dSphs
making use of interferometric observations. In this paper,
we have shown this technique to be a relevant strategy to
be pursued for addressing the puzzling history of dSphs
and the fundamental nature of DM. The discussed analy-
sis pipeline can provide a benchmark case for near-future
follow-ups with improved sensitivity, to be undertaken with
the SKA and its precursors.
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APPENDIX A: SOLUTION FOR
SPHERICALLY-SYMMETRIC TRANSPORT
EQUATION
Here we describe the numerical solution adopted for the
transport equation. We make a change of variable and con-
sider a spatial logarithmic scale (using r˜ = log(r/r0)) to
better describe a possible overdensity at the dSph center
(mostly motivated by the connection with the possible DM-
induced emission described in Paper III). Eq. 3 can be thus
rewritten (expressing also everything in terms of E instead
of p) as:
∂ne
∂t
=
e−2 r˜
r20
[
D(r˜, E)
∂ne
∂r˜
+
∂
∂r˜
(D(r˜, E)
∂ne
∂r˜
)
]
− ∂
∂E
(E˙(r˜, E)ne) +Q(r˜, E) . (A1)
Note that (for the moment) we do not consider the station-
ary limit.
Eq. A1 has been finite-differenced by means of the
Crank-Nicolson scheme:
∂ni
∂t
=
nt+∆ti − nti
∆t
=
α1 n
t+∆t
i−1 − α2 nt+∆ti + α3 nt+∆ti+1
2∆t
+
α1 n
t
i−1 − α2 nti + α3 nti+1
2∆t
+Qi , (A2)
which implies a tridiagonal system of equations (and we
dropped the subscript e for clarity, i.e., n ≡ ne):
α1
2
nt+∆ti−1 + (1 +
α2
2
)nt+∆ti −
α3
2
nt+∆ti+1
=
α1
2
nti−1 + (1− α2
2
)nti +
α3
2
nti+1 +Qi ∆t . (A3)
This kind of numerical method has been
adopted for the solution of the transport equation
in the Milky Way, e.g., by the publicly available
codes GALPROP (Strong & Moskalenko 1998) and
DRAGON (Evoli et al. 2008). The main differences in our
case are that we have a 2D propagation (in r and E)
due to the spherical symmetry (instead of 3D or 4D as
for the Galaxy) and we consider a logarithmic scale for
the spatial grid. For further details on the stability of
the generalization of the above described Crank-Nicolson
scheme to a multidimensional case, see, e.g., the GALPROP
manual5. We apply the so-called ADI (alternating direction
implicit) method, in which the implicit updating scheme
is alternately applied to the r- and E-operators in turn,
keeping the other coordinate fixed.
The α-coefficients for the finite-differencing scheme in r
can be derived from:
e−2 r˜
r20
[
D(r˜, E)
∂ne
∂r˜
+
∂
∂r˜
(D(r˜, E)
∂ne
∂r˜
)
]
→ e
−2 r˜i
r20
(A4)
×
[
(D +
∂D
∂r˜
)|r˜i
ni+1 − ni−1
2 ∆r˜
+D|r˜i
ni+1 − 2ni + ni−1
∆r˜2
]
,
5 http://galprop.stanford.edu/download/manuals/galprop v54.pdf
which leads to:
α1
∆t
=
e−2 r˜i
r20
[
−D +
∂D
∂r˜
2 ∆r˜
+
D
∆r˜2
]
|r˜i
(A5)
α2
∆t
=
e−2 r˜i
r20
2D|r˜i
∆r˜2
(A6)
α3
∆t
=
e−2 r˜i
r20
[
D + ∂D
∂r˜
2 ∆r˜
+
D
∆r˜2
]
|r˜i
, (A7)
where we assumed a constant step ∆r˜. Neumann
(Dirichlet) boundary conditions ∂ne/∂r˜ = 0 (ne = 0) has
been set at the center i = 0 (farthest boundary i = N). The
α-coefficients at i = 0 (i.e., at r˜min very close to the center)
turn out to be α1 = 0, α2 = 4 e
−2 r˜minD|r˜min/(r0 ∆r˜)
2, and
α3 = α2.
The finite-differencing scheme for the E-
propagation is analogous to the one adopted in
(Strong & Moskalenko 1998) (see Table 1 of GALPROP
manual).
In our runs we typically start with a large time-step
∆t = 1011 years and perform a number of iterations to ob-
tain a stable solution on this large scale (more in detail, we
stop when the fractional change of ne in a time ∆t is below
0.1% for each point of the grid). Using such solution as nt of
Eq. A3, we then reduce ∆t by a factor of 2 and iterate again.
This is repeated until ∆t = 10 years is reached (which is a
time-step much smaller than any time-scales of the process,
in particular of energy losses), where we get our final solu-
tion. The convergence is ensured by requiring ne to become
constant in time and the time-scale τc = ne/(∂ne/∂t) to
be larger than diffusive and energy loss times-scales at each
grid-point (typically τc > 10
10 years).
We also cross-checked our numerical solution against
analytic solutions in the cases with only spatial-diffusion
terms and with only the energy-loss term, and against
the semi-analytic solution which makes use of Green’s
functions (see, e.g., (Colafrancesco, Profumo & Ullio 2006;
Colafrancesco, Profumo & Ullio 2007)) for the full equation
but with spatially constant D and E˙. The advantages of the
Crank-Nicolson solution with respect to the latter is given
by the much shorter computational time needed and by the
possibility of having D(r) and E˙(r).
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